N euroblastoma represents the most common extracranial solid cancer in childhood and accounts for 6% -10% of pediatric tumors. About half of all children with neuroblastoma are classified as high-risk patients and, despite intensive therapeutic regimens, in these patients survival is less than 40%. 1 An improvement in the high-risk neuroblastoma outcome should be obtained by the complete eradication of the "minimal residual disease," which is responsible for the high degree of relapses that impair long-term survival. 2 At present, minimal residual disease is prevented by repeated courses of the 13-cis retinoic acid (RA) treatment; 3 however, this treatment resulted in a modest improvement of the patients' outcome mainly due to acquired resistance mechanisms. Recently, retinoids have been shown to interact with several other pathways; so multiple therapies using retinoids in combination with other pharmacological agents are now the subjects of studies. 4 Some compounds, including histone deacetylase inhibitors and interferons, are at present in clinical trials; 5, 6 however, new molecules are continuously screened. 7 New knowledge about the molecular mechanisms that regulate neuroblastoma development and progression is then needed to design innovative therapeutic approaches and to improve the existing therapies. 8, 9 Notch is the emerging as a new signaling pathway in neuroblastoma. Notch pathway is part of a receptor family (Notch1 -4) activated by ligands (Jagged and Delta) present on neighboring cells. Upon ligand binding, Notch receptors are cleaved by the g-secretase complex, resulting in the release of an active intracellular domain (NICD, Notch intracellular domain), that translocates to the nucleus and modulates gene expression. 10 In normal tissues, Notch regulates the cell-lineage decisions during embryogenesis 11 and modulates the differentiated state in mature cells. 12 -14 Considerable evidence suggest that Notch signaling plays a critical role also in the progression of several cancers through the regulation of the main cellular functions associated with tumorigenesis, such as proliferation, angiogenesis, and cell migration. 15 -18 The Notch pathway is also considered one of the main factors in the regulation of "cancer stem cells." 19 g-secretase inhibitors (GSIs), which block Notch receptor cleavage and the consequent Notch pathway activation, were successfully proposed as a cancer therapy. 20, 21 GSIs were shown to inhibit cell proliferation and induce cell differentiation in several cancer models, both in vitro and in vivo, 22 -24 and clinical trials are now in progress for some of these compounds. 25 Some observations suggest Notch as one of the pathways involved in neuroblastoma pathogenesis, particularly related to its key role in the neural embryonic development. 26 In fact, it is believed that neuroblastoma originates from precursor cells of the sympathetic nervous system that failed to complete their normal differentiation program and was recently found that the Notch pathway inhibits neuronal differentiation and maintains sympathetic precursors in a proliferative state. 27 Furthermore, the Notch pathway is activated by the homeobox transcription factor PHOX2B, an important regulator of peripheral sympathetic nervous system differentiation that was found to be mutated in some cases of familial and sporadic neuroblastoma. 28 In neuroblastoma cell lines, several data indicate that Notch signaling prevents neuronal differentiation; in fact, neuroblastoma cell differentiation is inhibited by Notch1, 29 and Notch overexpressing neuroblastoma cells are resistant to RA differentiation; 30 furthermore, the Notch effector Hes1 was found to be induced by TGF-a in human neuroblastoma cells, resulting in the maintenance of neoplastic transformation. 31 Under hypoxic conditions that induce dedifferentiation of neuroblastoma cells, the Notch pathway is activated, leading to more aggressive phenotype stem cell -like characteristics. 32 A relation between the Notch pathway and the MYCN gene was also found. MYCN gene amplification is related to the high aggressiveness and poor prognosis of the cancer. 33 The overexpression of N-Myc in mouse fibroblasts induced an increase in the Notch ligand DLL3 and the activation of Notch1 receptor. 34 In an MYCN-amplified neuroblastoma cell line, N-Myc downregulation was found to decrease the Notch1 levels and induce neuronal differentiation. 35 Finally, a Notch signaling antagonist was shown to inhibit tumor growth and angiogenesis in a neuroblastoma mouse model, suggesting Notch blocking as a potential therapy. 36 The present study is aimed to validate in vitro the use of GSIs for the treatment of neuroblastoma.
A correlation between Notch pathway activation and neuroblastoma cell proliferation was first demonstrated. Then, the GSI efficacy was evaluated by the analysis of the proliferation rate, morphological differentiation, and migration capability of 2 neuroblastoma cell lines, SH-SY5Y and IMR-32, representative of 2 different malignancy degrees.
GSIs were tested either as single agents or in association with 13-cis RA to verify the possible therapeutic advantage offered by the combination of these agents.
Materials and Methods

Cell Lines
The human SH-SY5Y neuroblastoma cell line (DSMZ) was cultured in a 1:1 mixture of Ham's F12 nutrient and Dulbecco's modified Eagle's medium (SigmaAldrich) supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich), 2 mM L-glutamine, 50 mg/mL penicillin, and 100 mg/mL streptomycin (SigmaAldrich). The IMR-32 neuroblastoma cell line (DSMZ) and the KELLY neuroblastoma cell line (Sigma-Aldrich) were grown in the RPMI medium (Sigma-Aldrich) supplemented with 10% FBS (Sigma-Aldrich), 2 mM L-glutamine, 50 mg/mL penicillin, 100 mg/mL streptomycin (Sigma-Aldrich), and 1× MEM nonessential amino acid solution (Sigma-Aldrich). SH-SY5Y cells stably transfected with amyloid precursor protein (APP) 751 wild type (SH-SY5Y-APPwt) were cultured in a complete SH-SY5Y cell medium with geneticin sulfate antibiotic (G418, Invitrogen) at a final concentration of 300 mg/mL. All the cell lines were grown at 378C in a 95% air-5% CO 2 humidified incubator.
Drug Treatments
Jagged1 (CDDYYYGFGCNKFCRPR, corresponding to Jagged1 residues 188-204) and the scramble peptide (RCGPDCFDNYGRYKYCF) were synthesized according to Nickoloff et al. 37 (Primm srl, San Raffaele Biomedical Science Park) and added to the culture medium at the concentration of 40 mM and for different times, as indicated.
GSIs IX (DAPT) and XXI (compound E [CpdE]; CalBiochem, EMD Biosciences) were added to the culture medium at 10 mM for different times, as indicated. 13-cis RA (Sigma-Aldrich) was added to the culture medium at 1 mM, for different times, as indicated. GSI XI (JLK6; CalBiochem, EMD Biosciences) was added to the culture medium at 1 mM for 5 days.
Proliferation and Cell Viability
Cell number and viability were determined by the Trypan blue exclusion test. For proliferation, cells were treated for 24 -48 hours with 40 mM Jagged1 peptide, and then fixed with 4% PFA and immunostained with an anti-Ki-67 antibody (Ki-67 clone MIB-1, Dako; 1:100) and with the appropriate secondary antibody (Dako). The antigens were visualized by reaction with 3,30-diaminobenzidine tetrahydrochloride (0.05%; DAB, Sigma-Aldrich) as a chromogen and hydrogen peroxide (0.003%), and cells were counterstained with hematoxylin. Images were taken through an Olympus phase contrast microscope (×20 magnification); Ki-67 positive nuclei were determined by counting at least 10 fields for each treatment.
Flow Cytometry for Analysis of Cell Cycle and Apoptosis
For cell cycle analysis, cells were harvested at the completion of the respective treatments and washed with phosphate-buffered saline (PBS; pH 7.4) twice before being fixed with 70% ethyl alcohol for 15 minutes at 2208C. Subsequently, the cells were centrifuged at 450 g for 5 minutes. Before flow cytometric analysis, cells were resuspended in 200 mL of 20 mg/mL propidium iodide (PI; Bender Medsystems) for staining cellular DNA. The cellular DNA content was then analyzed using a Partec Space Flow Cytometer (Partec).
For the apoptosis analysis, after treatment, cells were washed with PBS and stained with Annexin V-FITC and PI using the Apoptosis Detection Kit (Bender Medsystems) according to the manufacturer's protocol. Annexin-positive cells were counted using a Partec Space Flow Cytometer (Partec) within 1 hour after staining. Data analysis was carried out using FlowJo software (Tree star).
Immunofluorescence and Morphometric Analysis
SH-SY5Y cells were plated with a density of 75 × 10 3 per well in a 24-well plate, grown on a glass coverslip coated with poly-L-lysine (Sigma-Aldrich); IMR-32 cells were plated with a density of 50 × 10 3 per well and grown on a glass coverslip coated with collagen (Invitrogen). Cells were fixed in ice-cold methanol (Sigma-Aldrich) and then washed and incubated in PBS (Sigma-Aldrich) containing 1% of bovine serum albumin (Sigma-Aldrich) and 0.2% Triton X-100 overnight at 48C with the appropriate primary and secondary antibodies. The following primary antibodies were used: monoclonal anti-bIII tubulin (Promega; 1:600), polyclonal anti-bIII tubulin (Sigma-Aldrich;1:200), and monoclonal anti-Ab (1-17) clone 6E10 (Sigma-Aldrich).
For morphological evaluation, slices were mounted and examined by a ZEISS LSM 510 META confocal laser scanning microscope (Carl Zeiss). Images were processed using the LSM5 image examiner (Zeiss). The percentage of morphologically differentiated cells was determined by counting at least 10 fields for each treatment; cells with neurites ≥50 mm in length were considered differentiated.
Western Blot Analysis
Total cell lysates were prepared by scraping the cells in a lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1 mM PMSF, 1 mM sodium orthovanadate, 0.5% sodium deoxycholate, 0.5% NP40 with a cocktail of protease inhibitors). For Western blot analysis, 15 mg of total proteins were electrophoresed onto 12% SDS-PAGE and transferred to a nitrocellulose paper. Filters were incubated with anti-Notch1 antibody (Sigma-Aldrich) and with anti-GAPDH (Chemicon, 1:400) as a loading control. An HRP-conjugated antimouse secondary antibody (Dako; 1:1500) and a chemiluminescence blotting substrate kit (Amersham Biosciences) were used for immunodetection. Evaluation of immunoreactivity was performed on immunoblots by densitometric analysis using the Quantity One analysis software (BioRad Laboratories GmbH).
Quantitative Real-Time PCR
Quantitative real-time PCR (QRT-PCR) was executed as described previously (Ferrari-Toninelli et al. 13 ). Briefly, the total RNA was isolated from SH-SY5Y and IMR-32 neuroblastoma cells using the RNeasy kit (Qiagen) and digested with the RNase-Free DNAse set (Qiagen), according to the manufacturer's protocol. One microgram of total RNA was transcribed into complementary DNA (cDNA) using murine leukemia virus reverse transcriptase (Promega Italia) and oligodT15-18 as a primer (final volume: 50 mL).
The oligonucleotide sequences of the primers used are as follows: N-Myc forward primer 5
′ -ACA CAT TGG GGG TAG GAA CA-3 ′ . Amplification and detection were performed with the iCYCLER iQ Real-Time PCR Detection System (BioRad Italia); the fluorescence signal was generated by SYBR Green I. Samples were run in triplicate in a 25-mL reaction mix containing 12.5 mL of 2× SYBR Green Master Mix (BioRad Italia), 12.5 pmol of each forward and reverse primer, and 2 mL of diluted cDNA. The PCR program was initiated by 10 minutes at 958C before 40 cycles, each for 15 seconds at 958C and 1 minute at 608C. Gene expression levels were normalized to GAPDH expression, and data are presented as the fold change in target gene expression in drug-treated cells normalized to the internal control gene (GAPDH) and relative to untreated cells. Results were estimated as C t values; the C t was calculated as the mean of the C t for the target gene minus the mean of the C t for the internal control gene. The C t represented the mean difference between the C t of untreated cells minus that of the treated cells. The N-fold differential expression in the target gene of drug-treated cells compared with untreated cells was expressed as 2 2DDC t . Data analysis and graphics were performed using GraphPad Prism 4 software and were the results of a single experiment run in triplicate.
Wound Scratch Assay
Cell migration was analyzed using a modified wound scratch assay; briefly, cells were plated on a dish with a culture-insert chamber provided with 2-cell culture reservoirs separated by a 400-mm thick wall (IBIDI GmbH), then treated with 10 mM CpdE, 10 mM DAPT, and 1 mM 13-cis RA alone or in combination for 5 days, changing the culture medium at day 3. After treatments, chambers were removed and cells were allowed to migrate. Images were taken by a ZEISS LSM 510 META confocal laser scanning microscope (Carl Zeis) immediately after removing the chambers and after 24 hours. This time interval has been chosen because it is shorter than the SH-SY5Y doubling time. Images were processed using the LSM5 image examiner (Zeiss). Four different fields from each sample were considered for quantitative estimation of the distance between the borderlines, and in each image, 8 different equidistant points were measured in order to better estimate the real width of the wounded area. The migration rate is expressed as the percentage of the control. Four independent series of experiments were performed.
Statistical Analysis
Statistical analyses were performed by 1-way analysis of variance followed by Bonferroni's multiple comparison test as post hoc analysis. Data are presented as the mean + SE. A probability of ,.05 was considered a significant difference.
Results
Notch Activation Induces Neuroblastoma Cell Growth and Proliferation
The first aim of the study was to establish the contribution of the Notch pathway on neuroblastoma cell growth and proliferation. SH-SY5Y cells were treated with a soluble synthetic form of the Notch ligand Jagged1 (J1), known to induce NICD formation. A 17 amino acid peptide (CDDYYYGFGCNKFCRPR) was synthesized, corresponding to the active sequence of the Jagged1 ligand. 37 A scrambled peptide (RCGPD CFDNYGRYKYCF) was used as a negative control in each experiment (data not shown).
The J1 peptide was added to the culture medium for 24 -48 hours, and then the Notch pathway activation was evaluated through the analysis of NICD and Hes1 expression levels. The results in Fig. 1A showed an increase in the NICD levels after 48 hours of J1 exposure. At the same time, Hes1 mRNA levels increased more than 3-fold (Fig. 1B) . As shown by immunofluorescence in Fig. 1C, J1 -induced Notch activation resulted in significant cell growth; the results of the cell count, shown in Fig. 1D , confirmed a dosedependent increase in the cell number, reaching its maximum effect with 40 mM J1 peptide (control: 109.6 + 12.9; J1 20 mM: 142.6 + 6.3; J1 40 mM: 213 + 15). In order to assess the proliferation state of SH-SY5Y cells after J1 treatment, Ki-67 positive cells were then counted and revealed a 2-fold increase in
GSIs Cooperate with 13-cis RA to Arrest Proliferation of Neuroblastoma Cells
The effects of GSIs, alone or in combination with 13-cis RA, were investigated in SH-SY5Y and IMR-32 cells. CpdE and DAPT were chosen among the different GSIs as potent inhibitors of the Notch signaling pathway. To evaluate the treatments' effect on cell growth and viability, both the cell lines were treated with 10 mM CpdE or 10 mM DAPT alone, with 1 mM 13-cis RA alone, or with the combination of all these compounds for 5 days. Cell number and viability were determined at days 1, 3, and 5. The results in Fig. 2 showed both CpdE and DAPT, used as single agents, were able to reduce the cell number in SH-SY5Y and IMR-32 cells. GSIs were more efficacious in MYCN-amplified IMR-32 cells, where a complete growth arrest was reached on the first day. The combination of GSIs and 13-cis RA resulted in an enhanced growth inhibition resulting in an evident cell loss, with a cell number reduction of about 70% -80% in SH-SY5Y and 90% in IMR-32 cells.
To better investigate these effects, cell cycle analysis was performed on IMR-32 cells treated for 5 days both with the GSIs alone and with the 13-cis RA and GSIs combination. The results are shown in Fig. 3A . No significant differences were found in G0/ G1, G2/M, or S cell cycle phases in cells treated with GSIs alone, GSIs + 13-cis RA, or 13-cis RA alone. However, both GSIs used as single compounds and GSIs in combination with 13-cisRA induced an increase in the subG1 phase, suggesting an apoptotic effect of the compounds. The percentages of apoptotic cells (sub G1) were 0.12 + 0.1, 1.98 + 0.2, 1.75 + 0.6, 4.46 + 0.2, 7.8 + 0.6, and 11.0 + 0.6 for DMSO, DAPT, CpdE, 13-cis RA, DAPT + 13-cis RA, and CpdE + 13-cis RA treated cells, respectively.
We further investigated whether GSI treatment induced apoptosis in neuroblastoma cells, by the flow cytometric analysis of Annexin V-positive cells (Fig. 3B  and C) . The results showed an increase in Annexin Vpositive cells after the GSIs treatments, both alone and in combination. In particular, the CpdE treatment induced a significant increase in positive cell percentage compared with the 13-cis RA alone. The increase in Annexin V-positive cells after the treatments is a wellrecognized biochemical feature of apoptosis in neuroblastoma cells.
GSIs and 13-cis RA Cooperate to Induce Differentiation of Neuroblastoma Cells
To evaluate the effects of GSIs alone or in combination with 13-cis RA in inducing neuroblastoma cell differentiation, SH-SY5Y and IMR-32 cells were exposed for 5 days to 10 mM CpdE or 10 mM DAPT alone, with 1 mM 13-cis RA alone, or with the combination of all these compounds. At day 5, the morphologic differentiation was evaluated by immunofluorescence after staining with bIII tubulin antibody in order to visualize cell morphology and identify the neurites. As shown in Fig. 4 , SH-SY5Y cells treated with GSIs underwent an initial differentiation process characterized by neurite outgrowth in a small number of cells. GSI-induced differentiation was less effective than that obtained using 13-cis RA. When GSIs were used in combination with the retinoid, the morphologic differentiation became marked, characterized by the presence of rounded cell bodies and longer neurites with a higher degree of branching and varicosities (arrows).
Comparable morphologic results were obtained in IMR-32 cells (data not shown).
A quantitative analysis of morphological differentiation was obtained by measuring neurite length, and the percentage of differentiated cells (defined as cells with neurites ≥50 mm in length) was determined (Fig. 5) . In both SH-SY5Y and IMR-32 cell lines, GSIs as single agents induced an increase in the number of differentiated cells, although lower than the levels obtained with the differentiating agent 13-cis RA. The effect resulted in significant improvement when CpdE and DAPT were combined with RA; in SH-SY5Y cells, both the compounds were shown to enhance the effect when combined with 13-cis RA, increasing the percentage of differentiated cells by 2-fold (CpdE + 13-cis RA 44.4% + 4.3% and DAPT + 13-cis RA 60.6% + 10%) compared with 13-cis RA alone (27.5% + 3.3%). IMR-32 cells were reported to be resistant to retinoic differentiation due to their amplified MYCN gene, 38 and in this study, 13-cis RA treatment exerts a lower effect in IMR-32 cells if compared with SH-SY5Y (8.6% vs 27.5%); however, also in IMR-32 cells, the neurite length was affected by the combined treatments increasing by 2-fold the percentage of differentiated cells (CpdE + 13-cis RA, 16.3% + 2.4; and DAPT + 13-cis RA, 15.8% + 2.3) with respect to 13-cis RA alone (8.6% + 1.6). In summary, GSIs improved the 13-cis RA action on neuroblastoma cell differentiation, although the combination does not reach a synergistic effect.
CpdE and DAPT are known as potent inhibitors of Notch cleavage and activation; however, these compounds cannot be considered specific for this signaling pathway, due to their property to cleave several other protein complexes, including the APP. 39 To investigate whether the effects of DAPT and CpdE on neuroblastoma cell proliferation and differentiation was specifically associated with Notch inhibition, neuroblastoma cells were treated with a GSI that does not interfere with the Notch pathway. To this aim, SH-SY5Y cells stably transfected with wt APP 40 were treated for 5 days with the GSI JLK6 41, 42 and then analyzed for cell growth and differentiation. As shown in Fig. 6A , JLK6 used at 1 mM (dose devoid of toxic effects in our cellular model) was able to decrease the APP cleavage and Ab peptide production. In the same experimental setting, JLK6 alone or in combination with 13-cis RA was unable to affect cell differentiation (Fig. 6B) . Interestingly, treatment of the cells with JLK6 in combination with 13-cis RA resulted in significant cell growth arrest (Fig. 6C) .
GSIs Revert Cell Migration Induced by 13-cis RA
To study cell motility, we used a modified scratch woundhealing assay. Cells were grown onto a cell culture dish separated by a septum then treated with GSI and 13-cis RA, alone or in combination. After 5 days, the septum was removed and the migration extent was measured for each treatment. RA was reported to favor cell migration in SH-SY5Y neuroblastoma cells but not in IMR-32, probably due to the different expression levels of RA receptors. 43, 44 Results obtained in the present study showed that, in SH-SY5Y, 13-cis RA induced a cell migration increase of about 50%. The contemporary administration of CpdE was found to partially counteract this phenomenon, taking back the cells to the basal migration rate. DAPT, on the contrary, was unable to revertse the RA-induced cell migration.
GSIs alone also significantly reduced the SH-SY5Y migration rate. In particular, CpdE and DAPT treatment caused a 50% and 30% reduction, respectively, of cell motility (Fig. 7) .
N-Myc Expression in Response to GSIs, 13-cis RA, and GSIs + 13-cis RA Combined Treatment
Since the high level of MYCN gene expression is likely to contribute to tumorigenesis and may influence the capacity of differentiation and cell growth inhibition, it was of interest to examine the expression of N-Myc mRNA in response to the different treatments. For this experiment set, SH-SY5Y was used as a cell line without MYCN amplification and IMR-32 and KELLY were chosen as MYCN-amplified cells. Relative N-Myc mRNA levels were confirmed in Fig. S1 ).
KELLY and IMR-32 cells were exposed for 5 days with GSIs and 13-cis RA alone or in combination, and then the total RNA was extracted and subjected to realtime PCR analysis. In both the cell lines, GSIs and 13-cis RA treatments were not able to significantly modify the N-Myc mRNA levels.
Discussion
Innovative therapeutic approaches are strongly needed to counteract the poor prognosis of high-risk neuroblastomas, and the identification of new molecular pathways regulating the tumor progression could open new perspectives in this direction.
In the present study, Notch has been proposed as a potential pathway involved in neuroblastoma pathogenesis. First, a correlation between Notch pathway activation and neuroblastoma cell proliferation was established. Notch activation, which is induced by the Jagged1 ligand, was shown to significantly increase the cell number and proliferation rate, as revealed by the Ki-67 proliferation marker; this observation prompted us to evaluate Notch inhibitors as good candidates to prevent neuroblastoma progression.
Two different GSIs, CpdE and DAPT, were tested in vitro, using as assessment parameters, the cell growth arrest, cytodifferentiation, and cell motility. Both compounds were studied on 2 neuroblastoma cell lines, IMR-32 and SH-SY5Y, respectively, with and without MYCN gene amplification, as a paradigm of 2 different malignancy degrees. These 2 cell lines showed in fact great differences in their proliferation rates, response to differentiating agents, and invasiveness potential, resulting in IMR-32 as high-proliferating and more aggressive cells. 45 Given that advanced neuroblastoma is often resistant to RA differentiative therapy, all the above parameters were also evaluated for the combination of GSI with 13-cis RA.
GSIs as single agents were potent inhibitors of cell growth, and their effects were higher than those obtained with 13-cis RA alone; in fact GSIs, also used as single agents, completely arrested cell growth since the first day of treatment in IMR-32 cells. The combination of GSI and 13-cis RA led to growth arrest and significant cell loss. GSIs are known to induce cell cycle exit 46 and apoptosis; 47 thus, part of this effect could be attributed to decreased viability. Accordingly, we have found an increase in the subG1 population in the cell cycle analysis and in the number of Annexin V-positive cells after the treatment with the GSIs both alone and in combination with 13-cis RA.
In neuroblastoma cell differentiation, GSIs alone showed a low efficacy; however, GSIs were found to enhance the differentiation induced by 13-cis RA, suggesting that these compounds act cooperatively to improve the neurite length. Interestingly, in IMR-32 cells, which are known to be resistant to RA differentiation, the neurite length was also affected by the combined treatments, increasing by 2-fold the percentage of the differentiated cells with respect to 13-cis RA alone.
These data indicate that the Notch pathway prevents neuronal cell differentiation and suggest that Notch activation could interfere with the activation of 13-cis RA action. Notch is indeed known to inhibit neurite outgrowth, 48 and the opposite effect was observed using GSIs; 49 furthermore, SH-SY5Y overexpressing the Notch protein is resistant to RA-induced differentiation. 30 It is tempting to speculate that blocking Notch activation by GSI could reverse the resistance to RA in neuroblastoma. This hypothesis is supported by the observation that GSIs are able to increase chemotherapy sensitivity 50 and to eliminate resistance to glucocorticoids in leukemia. 51 The Notch pathway was found to participate in many aspects of metastasis, from the epithelial to mesenchymal transition to cell migration and invasion 52 and angiogenesis, 18 and GSIs were shown to reduce cell migration in different cancer cell lines. 16 Here, we showed that GSIs are able to significantly reduce cell migration in SH-SY5Y neuroblastoma cells; furthermore, CpdE counteracts the motility increase induced by 13-cis RA in SH-SY5Y cells. Although further studies are necessary to fully characterize the antimetastatic activity of GSIs, the inhibitory effect of these compounds on neuroblastoma cell migration is of particular interest, given the association between metastatic disease and poor prognosis in this cancer. 53 The MYCN proto-oncogene plays an important role in neuroblastoma development; about 30% -40% of tumors in an advanced stage exhibit MYCN amplification, which has been related to rapid tumor progression, drug resistance, and poor outcome. 33 MYCN silencing resulted in growth inhibition, apoptosis, and neuroblastoma cell differentiation. 54 In this study, despite evident signs of differentiation and growth arrest, no significant changes in N-Myc mRNA expression occurred in response to GSI, 13 cis-RA, or the combination of these drugs. This apparent discrepancy can be explained by the recent demonstration that N-Myc acts upstream of the Notch pathway and activates Notch signaling by inducing the expression of the Notch ligand DLL3. 34 However, the maintenance of high N-Myc mRNA levels also after GSIs and 13-cis RA treatment is not incompatible with the growth arrest and differentiation of IMR-32 cells; in fact, other differentiating treatments were found to only slightly affect N-Myc expression. 6 Furthermore, a study of Edsjö et al. 55 demonstrated that N-Myc-amplified neuroblastoma cells retain their capacity to differentiate. On the whole, our study shows that, as expected, RA exerts a major effect on differentiation and a minor effect on proliferation; 4 on the other hand, GSIs, possibly given to their proapoptotic potential, proved to be more efficacious in inducing growth arrest and cell loss. However, the effects obtained using the 2 agents in combination are always improved and may result in addition or synergy.
Differences were found between CpdE and DAPT depending on the parameters considered. In SH-SY5Y, DAPT resulted in more potent cell growth arrest and differentiation; CpdE is significantly more efficacious in reducing cell motility. Although CpdE is known to be a more potent GSI than DAPT, at the 10-mM concentration used in this study, no differences were detectable between the 2 compounds in blocking Notch cleavage and transcriptional activation. 56 However, about 50 proteins were found as g-secretase substrates, among which were proteins involved in cancer progression such as p75 neurotrophin and cadherins. 39 Thus, the different efficacy of the 2 compounds could be attributed to the cleavage-blocking activity of selected substrates. In this regard, it should be noted that JLK6, a GSI lacking Notch-blocking activity, was unable to affect neuroblastoma cell differentiation suggesting that at least this specific cell response is under the control of the Notch pathway.
We conclude that GSIs have a pleiotropic effect on neuroblastoma cell lines, including cell growth arrest, induction of differentiation, and cell motility reduction; furthermore, the combination of GSIs with 13-cis RA improves all these effects and may offer a therapeutic advantage for neuroblastoma treatment.
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